Abstract
Introduction
Coarctation of the aorta is a common congenital heart defect accounting for approximately 5-8% of all congenital heart disease. 1 The prevalence of post-operative resting hypertension within this population has previously been reported to be as high as 45%. 2 A subset of patients with aortic coarctation who are normotensive at rest can demonstrate elevated systolic blood pressures only in response to exercise. [3] [4] [5] [6] An exaggerated blood pressure response to exercise has previously been associated with progression to clinical hypertension, which is a risk factor for morbidity in adults. 7, 8 Managing patients who are normotensive at rest, yet hypertensive during exercise has proven to be a clinical challenge. Specific management guidelines are not well established, largely because the mechanism of exercise-induced hypertension in this population is unknown. The purpose of the study was to investigate determinants of abnormal blood pressure response to exercise, in patients post-operative from coarctation of the aorta who are normotensive at rest. We hope to demonstrate that these patients are in need of alternative management strategies to minimize long term morbidity.
Methods

Study Population
All patients between the ages of 7 and 21 who had undergone repair of aortic coarctation via end to end resection were eligible for prospective enrollment (number = 166). Only end to end resection repairs were analyzed in this initial study to minimize bias due to alternative repair techniques, such as catheter interventions which typically occur in older age children. Patients were identified using the hospital echocardiographic database, bladder length and width of 80% and 40% of the arm circumference, respectively. The stethoscope was placed over the antecubital fossa of the right arm. 14, 15 Systolic blood pressure was determined by the onset of the first Korotkoff sound. 16 The highest Systolic blood pressure obtained was used in the analysis. An exaggerated blood pressure response to exercise was defined as a maximum exercise systolic blood pressure greater or equal to the 95 th percentile. 13 Maximum systolic blood pressure index was generated by dividing the observed systolic blood pressure by the expected systolic blood pressure based on the 95 th percentile. Expected systolic blood pressure values for age, gender and height were taken from established data on similar cycle ergometers reported by James in 1980. 13 Various additional exercise indices, including working capacity, oxygen consumption, heart rate and heart rhythm were obtained. Perceived exertion was obtained during each workload using the Borg Scale. 17 The exercise tests were judged as maximal if two of the following criteria were met: (a) respiratory quotient (carbon dioxide production/oxygen consumption) greater than 1.1, (b) maximal heart rate greater than or equal to 85% of the age predicted maximal heart rate, or (c) maximal perceived exertion greater than or equal to 18.
Ambulatory Blood Pressure Monitoring
Ambulatory blood pressure monitoring was obtained in all patients. Measurements were performed using a validated oscillometric device (Spacelabs 90207 or 90217) with appropriate cuff sizes for age in the non-dominant arm. Blood pressure measurements were recorded automatically every 20 min from 7:00am to 11:00pm and every 60 min from 11:00pm to 7:00am. All recordings were visually inspected for artifact and were edited according to pediatric ambulatory blood pressure monitoring guidelines. 18 Blood pressure load, nighttime dip, average systolic blood pressure for daytime, nighttime and 24-hour ambulatory blood pressure measurements were used for analysis with the peak systolic blood pressure attained during exercise. Ambulatory hypertension was defined as a mean ambulatory systolic blood pressure greater than the 95 th percentile and a systolic blood pressure load greater than 25%. 18 Data Analysis
All data analyses were performed using SAS ® statistical software (version 9.2; SAS ® Institute Inc, Cary, North Carolina). Demographic and clinical characteristics of the study sample were summarized using measures of central tendency, variability, and frequency.
Mean and standard deviation were reported for continuous variables. Frequencies and proportions were reported for categorical variables as indicated. Primary analyses were performed using Pearson's correlation coefficient to determine associations between the independent variables and maximum systolic blood pressure index during exercise.
Stepwise regression modeling and analysis of covariance were performed to identify the independent predictors of an elevated systolic blood pressure during exercise. Covariates included resting systolic blood pressure, pulse wave velocity, body mass index, aortic valve annulus, indexed left ventricular mass, nighttime systolic blood pressure, proximal arch diameter, transverse arch diameter and age.
Results
Demographics
Of all eligible subjects, a total of 38 subjects were recruited for the study. Study population characteristics are summarized in Table. 1. The patient cohort was predominately male (79%). A bicuspid aortic valve was present in 76.3% of the study subjects. The remaining patients refused to participate for personal reasons, were lost to follow-up, or failed to show up for their appointment.
Ambulatory Blood Pressure and Exercise Results
All the subjects were normotensive at rest on the day of testing. A maximum exercise systolic blood pressure greater than the 95 th percentile occurred in 16.7% of the study subjects. Ambulatory hypertension (daytime, nighttime or both) was demonstrated in 28% of patients based on elevated mean systolic blood pressures and elevated systolic blood pressure load, defined as greater than 25% of readings spiking above the 95 th percentile. 18, 19 Mean ambulatory blood pressure and exercise data can be seen in Table. 2. In correlation analysis, ambulatory blood pressure measurements demonstrated that nighttime systolic blood pressure was significantly associated with maximum exercise systolic blood pressure index (r = 0.43, p = 0.04). No significant correlations were observed between maximum exercise systolic blood pressure index and exercise capacity.
Echocardiography Results
Mean values for shortening fraction were mildly elevated in comparison to accepted normal ranges of 28% -40%, as can be seen in Table. 2. 20 Mean values for indexed left ventricular mass were elevated compared to normal values used in our laboratory. 21 Mean values for estimates of ventricular filling (E/Ea) were elevated when compared to published normal values. 22 No significant correlations were observed with the indices of diastolic function when they were compared to maximum systolic blood pressure index. 
Vascular Results
The mean pulse wave velocity value in this cohort of coarctation patients (4.8 meters/sec) was within normal reference values when compared to healthy children and teenagers. 23 No significant correlations were observed between resting arm-leg systolic blood pressure gradient and pulse wave velocity or maximum exercise arm-leg systolic blood pressure gradient and pulse wave velocity. When pulse wave velocity was compared to maximum exercise systolic blood pressure index, the observed correlation was in the negative direction (r = -0.3, p = 0.1) and did not reach statistical significance.
Determinants of Maximal Exercise Blood Pressure
Resting systolic blood pressure was a significant predictor of maximum systolic blood pressure index during exercise with univariate analysis (r = 0.36, p = 0.05). When cutpoints corresponding to the 95 th percentile for maximum exercise systolic blood pressure index and the 90 th percentile for resting systolic blood pressure were applied, a predictive model for the development of elevated exercise systolic blood pressures was not observed ( Figure. 2). Multivariate analysis demonstrated that the predictive determinants of maximal exercise systolic blood pressure index (Table. 3) were body mass index, pulse 
Discussion
The significant finding of this study is that an exaggerated systolic blood pressure response to exercise can occur despite normal resting systolic blood pressure. In our study, nearly 17% of patients developed elevated systolic blood pressure during exercise.
Prior studies have demonstrated a prevalence ranging from 10 -28%. 6, 24 These data suggest that this patient population may manifest disease progression initially only with elevations of systolic blood pressure during exercise. The echocardiographic and ambulatory blood pressure monitoring results appear to advocate for more frequent testing in patients with exercise hypertension, despite resting normotension, especially in comparison to patients with a normal exercise response. Further studies to establish post-operative coarctation specific reference values for acceptable resting, exercise and ambulatory blood pressure values may be necessary to provide the needed data for more informed and aggressive management in this population.
Role of Ambulatory Blood Pressure Monitoring
Ambulatory blood pressure monitoring, specifically nighttime systolic blood pressure correlated significantly with the primary outcome of maximum exercise systolic blood pressure index. Daytime systolic blood pressure did not correlate and that may be secondary to inherent challenges with obtaining accurate ambulatory measurements in children. Additional exercise data analyzed included systolic blood pressure cuff gradients at rest and at peak exercise, which did not demonstrate any significant correlations. This suggests that, the absence of a significant resting systolic blood pressure cuff gradient should not be a reassuring sign and an abnormal systolic blood pressure response to exercise can still be manifested. Another finding of importance is that ambulatory blood pressure monitoring was superior to exercise testing in identifying subjects with potential hypertension and is underutilized.
Evaluation of Function
Shortening fraction and indexed left ventricular mass in our cohort were higher than normal values referenced in our laboratory. 21 Elevated indexed left ventricular mass in this patient population may be a secondary compensatory mechanism to overcome the for left ventricular filling pressures were elevated and suggest some degree of diastolic dysfunction that was not yet clinically evident. 22 These results lend support to the need for continued echocardiographic assessment in these patients to evaluate for the development of left ventricular hypertrophy due to increased blood pressure with activity.
Role of Aortic Arch Diameters
To our knowledge, minimal aortic arch diameters have not been previously evaluated as a risk factor for hypertension after successful coarctation repair. Certainly, a re-coarctation can lead to upper extremity hypertension and a significant arm-to-leg systolic blood pressure differential. 20 However, our results suggest that smaller aortic arch diameters are associated with elevated systolic blood pressure during exercise, even after a successful repair without re-coarctation. The strongest correlation was observed at the level of the transverse aortic arch. We found that those patients with small transverse arch diameters, also had small aortic annular diameters and this may explain the association of annulus diameter with hypertension as it relates to increased afterload and elevated systolic blood pressures during exercise. Although the isthmus was not a significant univariate correlate as we had hypothesized, the inherent difficulties in accurately measuring the complex three dimensional anatomy of this area with 2D echocardiography may have limited our ability to show significant associations.
Role of Arterial Stiffness
Pulse wave velocity has been previously studied and has been shown to be abnormal in patients with aortic coarctation. [26] [27] [28] Those studies used the photo-plethysmographic technique and magnetic resonance imaging to demonstrate an association with postoperative resting hypertension in normotensive and hypertensive patients. 26, 27 In our population of normotensive post-operative coarctation repair patients, the pulse wave velocity results yielded normal values compared to published normal tables, suggesting that their arteries were not stiffer at baseline when measured under resting conditions. 23 When we compared pulse wave velocity to maximum exercise systolic blood pressure index, a negative correlation was observed which remained significant with multivariate
analysis. The precise explanation for the negative correlation is not clear. It is possible that no identifiable relationship exists between pulse wave velocity and exercise systolic blood pressure in patients who are normotensive at rest. It is also possible that peripheral stiffness, not measured in this study, is a more important determinant of exercise blood pressure than central stiffness. Additional study with more patients and a case control design with both normotensive and hypertensive patients may be revealing.
Limitations
The population available to us was relatively small which led to reduced statistical power during multivariate analysis. A case control design with a control population might identify other important differences. Comparison of different surgical and catheter based techniques may also be revealing. Finally, there were missing data associated with some subjects, especially with the acquisition of the ambulatory blood pressure data. These were accounted for statistically, but also reduced the power in this study.
Conclusion
In conclusion, simple blood pressure measurements including resting, exercise and 
